RF discharge argon plasma was utilized to thermal annealing of stranded aluminum alloy wire under atmospheric pressure (AP). Experimental results demonstrated that, in additional to surface cleaning, the AP plasma could also be applied to effectively treating the bulk of a material by using the thermal energy of the plasma. Dependences of the mechanical properties of the wire, the wire temperature, and the energy efficiency on annealing time and gas flow rate were investigated. Heating mechanism in the RF plasma annealing process was proposed.
INTRODUCTION
To deal with environmental and resource problems, light-weighted and more abundant materials are increasingly introduced into automobiles. Aluminum wire is a promising candidate to substitute copper wire in many conditions due to its comparative electric and mechanical properties. However, its softness needs to be increased before large-scale applications.
Conventional in-line wire annealing technologies, such as induction heating and resistance heating, are mainly used to treat single wires with higher melting points. When used in treating stranded aluminum wire, it was found that sparking occurred on guiding wheels due to deposition of oxides on the wheels. Because of the low melting point of aluminum (660 °C), the sparking could damage the wire surface or could even break the strands composing the wire, interrupting the in-line annealing operation. Consequently, alternative processes for annealing stranded wire with a low melting point should be developed.
Atmospheric pressure plasmas have been widely used in materials processing owing to their attractive properties such as being non-equilibrium and vacuum-free. While most of the current researches are focused on areas such surface treatment/processing and biomedical applications by utilizing the radical species in atmospheric pressure plasmas, applications in traditional materials processing such as annealing by means of plasma heating are being attempted. In plasma annealing, both the surface and the bulk of the material can be treated in the same process. For instance, a low frequency (45 kHz) atmospheric plasma has been used in annealing of copper wires with size of φ0.2 mm [1] . However, non-uniform surface oxidation was observed due to streamer discharge in argon. Moreover, the energy efficiency was not presented.
In this work, annealing of stranded Al/Fe alloy wire using atmospheric pressure radio frequency (RF) Ar plasma is investigated. Dependences of the mechanical properties and the energy efficiency on treatment conditions are presented. Effective annealing temperature is determined. Finally, possible wire heating mechanism is discussed.
EXPERIMENTAL DETAILS 2.1 Experimental setup
The RF plasma treatment device for Al/Fe alloy wire annealing is schematically shown in Fig. 1 . The plasma was generated using a T-shape quartz tube with a branch length of 20 cm, under atmospheric pressure. The inner radius and outer radius of the tube were respectively 6 and 8 mm. As the powered electrode, a conductive tape was wound on the straight side of the T-tube, covering a length of 36 cm. The wire to be treated was grounded through two guide rollers on each side of the T-tube. The plasma was formed between the tube and the wire by discharging in Ar working gas introduced from the central branch of the tube at a flow rate between 2 and 8 L/min. The discharge unit was enclosed in an aluminum shielding box to prevent electromagnetic radiation from leaking. The discharge was powered with a T161-5766F RF (13.56 MHz) power supply (Thamway Corp.). Experiments were carried under an input RF power of 500 W. An image of the discharge is presented in Fig. 1 as well where the powered electrode in the front side was removed for the purpose of photographing.
Wire treatment and characterization
In this work, stranded Al/Fe alloy wire composed of 11×φ0.322 mm threads was annealed in the RF plasma. In the wire a small amount of Fe (1.2%) was added to improve its mechanical strength. The in-line treatment speed was between 16-32 m/min. The mechanical properties of the wire were characterized using an EZTest (Shimadzu Corp.) tensile tester at a gauge length of 25 cm and a pulling speed of 10 cm/min. Before inspection, wire samples were separated into individual threads, and average test values for the threads were presented.
Wire temperature measurement
To determine the annealing temperature and to estimate the energy efficiency, wire temperature was measured during in-line treatment. The temperature was monitored with an infrared thermometer (274C-LWL, Kleiber GmbH) having an effective measurement range of 200-1000 °C. The measuring point was focused on the wire at 4 cm from the right-hand exit of the discharge tube. An emissivity of 0.225 for the wire was predetermined, calibrated using a hotplate.
EXPERIMENTAL RESULTS

Appearance of the wire
Images of wire before and after plasma annealing are presented in Figs. 2(a) and 2(b), respectively, with the insertion in Fig. 2(a) showing a schematic cross-section view of the stranded Al/Fe alloy wire. It was found that before treatment there was visible surface contamination by mainly lubricants during wire extruding process. After plasma annealing, the oil attachments on the wire was noticeably removed, exhibiting the cleaning effect of atmospheric pressure plasma, as does in the case of usual surface treatment. In addition, no rough surfaces or broken threads were observed after plasma annealing even at a line speed of 32 m/min, showing that uniform treatment was reached by using the RF discharge plasma.
Mechanical properties
Figures 3(a) and 3(b) illustrate the dependence of the elongation and the tensile strength of the wire on the annealing time and the gas flow rate, respectively. The annealing time was derived according to the speed of the wire and the length of the plasma (36 cm). As seen in Fig. 3(a) , there was a time range within which the plasma annealing took the most significant effect: From 0.75 and 1.12 s, the elongation increased from the original <1 to 21% and the tensile strength decreased from 155 to 108 MPa. The mechanical properties did not change for a annealing time less than 0.75 s, and they got saturated after 1.23 s. These results indicate that it is critical to control the annealing time if a wire with desired properties is produced. For instance, if one wants to obtain a wire with an elongation between 15 and 20%, the corresponding annealing time should be within 0.90 and 1.12 s.
As shown in Fig. 3(b) , the mechanical properties of the wire were affected by the Ar flow rate as well. With the decrease of the gas flow rate from 8 to 2 L/min, the elongation increased from 13 to 19%, whereas the tensile strength decreased from 118 to 112 MPa. Consequently, to get better annealing results, it was favorable to treat the wire at lower gas flow rates. However, the discharge would eventually stop at a flow rate less than 1 L/min possibly due to the diffusion of air into the discharge zone.
Wire temperature and energy efficiency
From a micro-structural point of view, the increase of the elongation and the decrease of the tensile strength after plasma annealing were ascribed to the increase of grain size in the wire. In an annealing process, the growth of grains is dependent on the annealing temperature. Knowing the temperature of the wire could help understand the annealing mechanism and develop an energy-efficient annealing technology.
Figures 4(a) and 4(b) depict the corresponding temperatures of the Al/Fe alloy wire as a function of the annealing time and the Ar flow rate. In the same figures, the energy efficiency is also presented. The energy efficiency was an indicator representing how much portion of the input electric energy was used for heating the wire. It was estimated according to the ratio between the power for heating the wire, P w , and the power forwarded by the RF power source, P RF , where P w is obtained by:
in which c pw and ρ w are respectively the specific heat capacity and the density of the wire, R w is the wire radius, L w is the length of the discharge zone, τ w is the annealing time, T w and T 0 are the corresponding wire temperature and room temperature. It was found that the wire temperature increased almost linearly with increasing annealing time: From 308 °C at 0.68 s to 430 °C at 1.35 s. To the contrary, the energy efficiency decreased, and eventually tended to saturation, with increasing time. An energy efficiency of 52% was obtained at 0.9 s for an elongation of 15%. These results indicate that the annealing time had different effects on the wire temperature and the energy efficiency. This difference was attributed to the fact that the wire temperature was only a function of the annealing time, whereas the power for heating the wire was dependent on the rise rate of the wire temperature. Although the wire temperature increased with increasing annealing time, the rise rate of the wire temperature decreased correspondingly, leading to a decrease in the energy efficiency. Figure 4 (b) presents the dependences of the wire temperature and the energy efficiency on the gas flow rate at an annealing time of 0.9 s. One may find that both parameters increased with decreasing gas flow rate. A direct reason accounting for this tendency was due to the increase in the gas temperature with decreasing gas flow rate. From 8 to 2 L/min, although the temperature only increased by 18 °C while the flow rate decreased by four times, it will be shown in the following section that only several degrees of change in the temperature was critical for effective wire annealing.
Dependence on annealing temperature
The effective annealing temperature was determined from the dependence of the mechanical properties on the wire temperature. The elongation and the tensile strength of the wire as a function of the annealing temperature are plotted in Fig. 5 , regardless of the operating conditions such as the power, the annealing time and the gas flow rate. It shows that there was a critical temperature range within which the changes in the mechanical properties were pronounced. The elongation increased noticeably between 270 and 350 °C, and the tensile strength decreased greatly in the same temperature range. A small change in the temperature could lead to a large difference in the annealing results. In our case, an average elongation of 15% was obtained at a wire temperature around 320 °C. For a temperature higher than the upper limit, the corresponding properties almost kept unchanged. These results indicate that the wire temperature should be carefully controlled in an annealing process. Over heating of the wire was not necessary: It would not improve the mechanical properties of the wire but waste the electric energy.
ANNEALING MECHANISM
From the above results we know that a large portion of the input RF energy could be used to heat the wire. This phenomenon could not be merely explained using pure heat conduction between the plasma gas and the wire. Because, according to Moravej etal.'s results, the power used to heat the gas could account for up to 85% of the input power [2] . Taking this as a reference percentage, we could estimate the gas temperature for different flow rates at 500 W RF power. For 2, 4, 6, and 8 L/min, the estimated gas temperatures are correspondingly 13778, 6902, 4609, and 3463 °C. The gas temperatures were proportional to the gas flow rate. However the respective measured wire temperatures were only 348, 344, 341, and 330 °C. The difference between the estimated gas temperatures was much greater than the measured wire temperature. This means that the RF power used to heat the gas should be much less than 85%, and the energy transferred from the 
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35 [3] 571-574 (2010) plasma to the wire was not simply dependent on the gas temperature.
Another possible wire heating process might be ascribed to the presence of ion sheath around the wire. In the RF plasma, near the electrode the electrons diffuse much faster than the ions do due to their small mass, an ion sheath forms near the wire and an ion sheath voltage builds up. The schematic of the sheath structure for the present study is sketched in Fig. 6 . Although the time-average conduction current flowing to the electrodes is zero, there is a steady flow of ions to the electrodes. The total energy brought by the ions to bombard the wire is dependent on the ion density (n s ) and velocity (u s ) at the sheath edge. For a collisional ion sheath, the ion current density (J i ) at the sheath edge is given by [3] (2) in which ε 0 = 8.85×10
-12 F/m is the permittivity of free space, e is the elementary charge, M i is the ion mass, V i is the ion sheath voltage, λ i is the mean free path of the ions, s m is the ion sheath thickness at the surface. Furthermore, in an RF plasma discharge system, the relation between the RF voltage (V RF ) and current (I RF ) is given by (3) (4) where ω =2πf with f =13.56 MHz; and V ia and V ib , S a and S b are respectively the sheath voltages and surface areas at the wire surface and the inner surface of the quartz tube. As long as the RF voltage and current in the discharge system are given, the power deposited on the wire due to the effect of sheath voltage could be estimated by means of Eqs. (2)- (4) . Note that although the mean free path of the ions is much smaller than the sheath thickness under atmospheric pressure, the ions loss energy through collisions with neutral particles to create fast neutrals. The total ion bombarding energy on the electrodes is still the sum of the energies contributed by both the ions and the fast neutrals.
For our case, the inner electrode (wire) and the outer electrode had different surface areas. Lieberman has developed a model for estimating the ion sheath voltage of an asymmetric discharge [4] . Using the constant λ i law model in Ref. 4 and Eqs. (2)-(4), the heating power on the wire due to the ion flux in the sheath was quantitatively derived. At 500 W and 2 L/min, the corresponding measured RF voltage and current were 390 V and 4.2 A, and the estimated total heating power was of 277 W. Applying Lieberman's model in our discharge system, the estimated sheath voltages and sheath thicknesses at the wire surface and the inner surface of the quartz tube were respectively 298.8 and 5.5 V, and 116 and 13 μm. The ion bombarding energy, estimated by J ia V ia S a , was 108 W on the wire and it was only weakly dependent on the gas flow rate. This value contributed 39% to the total heating power deposited on the wire. Consequently, we could conclude that the heating of the wire was due to both the gas heating and the heating caused by the ion sheath effect. Nevertheless, more detailed theoretic analysis on the heating mechanism in the wire annealing process should be carried out.
CONCLUSIONS
Stranded Al/Fe alloy wire was effectively annealed in an atmospheric pressure Ar RF plasma system. It was demonstrated that atmospheric pressure plasma could be used in thermal treatment of a material to improve its bulk properties. An energy efficiency over 50% could be steadily obtained for the experimental parameters investigated. The annealing mechanism was attributed to both the heating by plasma gas and by the ions and the fast neutrals in the ion sheath region. 
